Angiocrine factors from Akt-activated endothelial cells balance self-renewal and differentiation of haematopoietic stem cells Endothelial cells establish an instructive vascular niche that reconstitutes haematopoietic stem and progenitor cells (HSPCs) through release of specific paracrine growth factors, known as angiocrine factors. However, the mechanism by which endothelial cells balance the rate of proliferation and lineage-specific differentiation of HSPCs is unknown. Here, we demonstrate that Akt activation in endothelial cells, through recruitment of mTOR, but not the FoxO pathway, upregulates specific angiocrine factors that support expansion of CD34 
Flt3
-KLS HSPCs with LT-HSC activity in the bone marrow, accelerating haematopoietic recovery. Therefore, the activation state of endothelial cells modulates reconstitution of HSPCs through the modulation of angiocrine factors, with Akt-mTOR-activated endothelial cells supporting the self-renewal of LT-HSCs and expansion of HSPCs, whereas MAPK co-activation favours maintenance and lineagespecific differentiation of HSPCs.
Acute injury to the bone marrow microenvironment, after treatment with chemotherapy and irradiation, or myelotoxins, suppresses haematopoiesis, which results in the depletion of HSPCs and the development of life-threatening pancytopenias. The interaction of the surviving HSPCs with the bone marrow niche cells rapidly reconstitutes haematopoiesis, rescuing the host from complications associated with long-term bone marrow suppression. Bone marrow niches orchestrate maintenance, expansion and trafficking of HSPCs [1] [2] [3] [4] [5] . The osteogenic niche modulates the quiescence of the HSPCs 1-2 , whereas the vascular niche, demarcated by the bone marrow sinusoidal endothelial cells (SECs), regenerates and replenishes the HSPC population after myeloablation [6] [7] [8] . Bone marrow SECs also provide a cellular platform for the differentiation of lineage-committed progenitors, such as megakaryocytic progenitor cells 9 . Hence, endothelial cells not only contribute to maintenance of the HSPCs, but also reconstitute multi-lineage haematopoiesis. However, the molecular pathways activated in endothelial cells that modulate the differential self-renewal and maturation of the HSPCs remain unknown. One mechanism by which endothelial cells regulate the homeostasis of HSPCs might be mediated through the production of specific endothelial-cell-derived paracrine trophogens, known as angiocrine factors [10] [11] [12] . The expression of angiocrine factors is dependent on the physiological context, and how endothelial cells are activated. For example, infection or hypoxia induces endothelial cells to express adhesion molecules and chemokines that modulate the recruitment of immune cells to the inflamed or injured tissues 10, [13] [14] [15] . Similarly, during haematopoietic recovery the release of angiogenic factors within the bone marrow microenvironment may activate signalling pathways, such as Akt and p42/44 mitogen-activated protein kinase (MAPK) , that promote timely reconstitution of haematopoiesis. Specifically, following bone marrow suppression, release of the prototypical angiogenic factor vascular endothelial growth factor-A (VEGF-A) stimulates the expression of Notch ligands by the bone marrow SECs, which prevent the exhaustion of HSPCs 12 . Here, we have developed in vitro and in vivo angiogenic models to demonstrate that Akt-activated endothelial cells replenish the depleted population of HSPCs through modulation of a specific set of angiocrine factors, accelerating reconstitution of mature lineages of haematopoietic cells and preventing prolonged bone marrow suppression.
RESULTS

Endothelial cells support both self-renewal and lineage-specific differentiation of HSPCs
Studying the role of primary human endothelial cells (PECs) in the regulation of haematopoiesis has been hampered by the need for growthfactor deprivation during culture, which leads to apoptosis of PECs. Supplementation with serum and angiogenic factors, such as VEGF-A and basic-fibroblast growth factor (FGF2), are therefore necessary to maintain PECs for co-culture with HSPCs. However, serum inhibits the self-renewal of HSPCs, whereas FGF2 promotes self-renewal of HSPCs 16 , rendering it difficult to assess the cell-autonomous capacity of PECs to support HSPC homeostasis. To circumvent this problem, PECs can be transduced with an adenovirus gene, early region 4 encoded open reading frame-1 (E4ORF1), which leads to constitutive activation of Akt and enables co-culturing of PECs with HSPCs in serum-and growth factor-free medium for weeks, while maintaining their angiogenic attributes 17 . This co-culture model allows for the identification of angiocrine factors produced by activated endothelial cells that modulate homeostasis of HSPCs. haematopoietic cells remains unknown. We isolated haematopoietic lineage-negative (Lin -) HSPCs from mouse bone marrow, followed by co-culture with or without human umbilical cord vein endothelial cells (HUVECs) transduced with E4ORF1 (E4-PECs). E4-PECs supported expansion of Lin -cells and also Lin + mature haematopoietic cells ( Supplementary Information, Fig. S1a, b) . Conversely, without E4-PECs, or on co-culture with paraformaldehyde-fixed E4-PECs, both Lin -and Lin + cell number decreased. The presence of serum in the co-culture also decreased Lin -cell number. Competitive repopulation assay showed that the Lin -cells expanded on E4-PECs had long-term (> 3 months) engraftment potential in all transplanted mice ( Supplementary Information, Fig.  S1c ), demonstrating that E4-PECs induce proliferation of repopulating , we hypothesized that E4-PECs expand HSPCs through activation of the Akt pathway. However, a previous study found that MAPKactivated endothelial cells, proliferating during bone marrow regeneration, promote maturation of megakaryocyte progenitors 9 . This suggests that the extent of Akt versus MAPK activation, two main signalling pathways involved in angiogenesis [18] [19] [20] , might also balance the rates of expansion and differentiation of HSPCs by modulating the expression of various endothelial cell-derived angiocrine factors. To determine the mechanism by which differential Akt and MAPK activation of endothelial cells modulates the homeostasis of HSPCs, Akt-activated PECs (Akt-PECs), MAPK-activated PECs (MAPK-PECs), and both Akt-and MAPK-co-activated PECs (Akt + MAPK-PECs) were generated by transducing the following genes into HUVECs (Fig. 1a) : E4ORF1 (E4) or constitutively active Akt1 (myristoylated Akt; myrAkt) for Akt-PECs, constitutively active c-RAF (CA-Raf) for MAPK-PECs, or both E4ORF1 and CA-Raf (E4 + Raf) for Akt + MAPK-PECs. To define the role of oncogenes that are commonly used to immortalize endothelial cells, constitutively active K-RAS (K-Ras(V12)) and polyoma virus middle-T antigen (PymT), which activate both Akt and MAPK, were also introduced into PECs (HUVECs). All of the activated PECs had a typical morphological contact-inhibited cobblestone monolayer phenotype (Fig. 1b) and survived in serum-and growth factor-free medium beyond 10 days (Fig. 1c) . In all the PECs, Akt and MAPK had the expected phosphorylation status (Fig. 1d) . Furthermore, these PECs expressed endothelial cell-specific genes (Supplementary Information, Table S1 ) and maintained angiogenic activity (Fig. 1e) . The PECs therefore approximate a prototypical vascular niche, enabling unbiased assessment of the role of PECs in HSPC expansion. To define the mechanism by which Akt-or MAPK-activated PECs differentially modulate expansion of HSPCs, mouse Lin -cells were co-cultured on Akt-PECs, MAPK-PECs or Akt + MAPK-PECs for 20 days (Fig. 2a) . E4-PECs and myrAkt-PECs supported a 520.9-and 236.7-fold expansion of Lin -cells, respectively. In contrast, CA-RafPECs (Raf-PECs) and K-Ras(V12)-PECs only induced a 6.3-and 3.5-fold expansion of Lin -cells, respectively. Co-activation of both Akt and MAPK (E4 + Raf-PECs) decreased Lin -cell expansion, compared with PECs activated with only Akt (E4-PECs). Notably, the number of phenotypically marked CD34 -Flt3 -KLS HSPCs (Fig.  2b ) and the percentage of KLS cells per total haematopoietic cells (Fig. 2c) were significantly higher when co-cultured with Akt-PECs, co-cultured on E4-PECs, E4 + Raf-PECs, or Raf-PECs, were transplanted with 500,000 competitive whole bone marrow cells from CD45.1 mice into lethally irradiated CD45.1 mice. Although the Lin -cells were capable of long-term (> 3 months) multi-lineage engraftment in transplanted mice, those Lin -cells cultured on E4-PECs maintained significantly higher LT-HSC activity than those cultured on either E4 + Raf-PECs or Raf-PECs (Fig. 2e, f) . Serial transplantation studies were also performed, whereby bone marrow cells were isolated from primary engrafted mice and were then transplanted into lethally irradiated secondary recipients. Both the primary and secondary transplanted mice demonstrated long-term, multi-lineage (LT-HSC) engraftment (Fig. 2g) . Therefore, although Akt-PECs and MAPK-PECs can expand both HSPCs and mature haematopoietic cells, the potential to selfrenew LT-HSCs is much higher in co-cultures with Akt-PECs than with MAPK-PECs.
E4ORF1-transduced
Direct cellular interaction with endothelial cells maintains quiescence and expansion of HSPCs.
Cell-cycle analysis indicated that KLS HSPCs expanding on E4-PECs maintained higher G0-G1 and lower G2-M populations than those cocultured on E4 + Raf-PECs (P < 0.01) or Raf-PECs (P < 0.01; Fig. 3a) . Colony formation assay used to quantify the number of the progenitors demonstrated that in a short-term culture period of 4 days, both Akt-PECs and MAPK-PECs had similar numbers of colony forming units (CFUs), whereas after 7 days Akt-PECs, but not MAPK-PECs, sustained the generation of significantly higher numbers of CFUs (Fig. 3b, c) . Thus, Akt-PECs, and to a lesser degree MAPK-PECs, sustain long-tem proliferation of the progenitors by preventing exhaustion of cycling HSPCs.
The differences between Akt-and MAPK-activated PECs in selfrenewing HSPCs could be explained by their differential capacity to produce different sets of membrane-bound and soluble HSPC-active angiocrine factors. Thus, conditioned medium harvested from E4-PEC, E4+Raf-PEC and Raf-PEC cultures were used to assess the role of soluble factors in HSPC expansion. Without feeder E4-PECs, Lin + cells expanded when cultured with the conditioned medium of E4-PECs and E4 + RafPECs , whereas conditioned medium of Raf-PECs and control medium failed to expand Lin + cells (Fig. 3d) . Importantly, addition of conditioned medium from E4 + Raf-PECs and Raf-PECs to the E4-PEC/HSPC coculture suppressed expansion of HSPCs, but maintained Lin + cell generation (Fig. 3d, e) . Furthermore, none of the conditioned media expanded CD34 -
Flt3
-KLS HSPCs (Fig. 3e) . Therefore, conditioned medium from both Akt-and MAPK-activated PECs contains angiocrine factors that support Lin + cell generation, but fail to propagate HSPCs. These data indicate that direct cellular contact to endothelial cells is essential for self-renewal of LT-HSCs and reconstitution of HSPCs.
Akt-and MAPK-activated endothelial cells modulate HSPC expansion and differentiation through modulation of distinct angiocrine factors To identify the angiocrine factors produced by activated PECs, we performed microarray analyses. Similarities in gene profile between Akt-and MAPK-activated PECs were determined by using a cluster analysis approach. Genes present in any one of the analysed conditions ( Supplementary Information, Fig. S2 ) or genes differentially regulated between Akt-PECs and MAPK-PECs (Fig. 4a) were identified and used for the analysis. Global cluster analyses demonstrated that E4-PECs and myrAkt-PECs were clustered into similar branches, whereas Raf-PECs, E4 + Raf-PECs, and K-Ras(V12)-PECs were grouped in the other branches (Fig. 4a) . Thus, the gene expression profile of E4-PECs is similar to myrAkt-PECs and distinct from MAPK-PECs. PymT-PECs had a different gene expression profile from Akt-PECs or MAPK-PECs, probably because of the activation of JNK and PKC pathways.
Cluster analysis for gene sets known to regulate the homeostasis of HSPCs demonstrated that Akt-PECs and MAPK-PECs were clustered into different branches ( Supplementary Information, Figs S3 and S4) . Hence, differential expression of a defined set of angiocrine factors by Aktand MAPK-activated PECs is the major determinant of the differences in HSPC self-renewal and differentiation kinetics observed during co-culture with PECs. Although Akt-activation in PECs did not induce the expression of several known HSPC-active cytokines, including IL3, thrombopoietin Supplementary  Information, Fig. S3 ), there was a marked upregulation of a specific set of HSPC-active angiocrine factors, including FGF2, IGFBP2, angiopoietin-1 (Ang1), BMP4 and DHH in Akt-activated PECs. Importantly, the expression of HSPC inhibitory factors, including angiopoietin-2 (Ang2) and DKK1 was suppressed in Akt-activated PECs. In contrast, MAPKactivation induced the expression of progenitor-active genes, including Ang2 and IL6, while suppressing the expression of FGF2, BMP4 and DKK1 (Fig. 4b, c, d ). Thus, Akt activation upregulates the expression of HSPCactive angiocrine factors, whereas MAPK activation stimulates the expression of factors that promote differentiation of the HSPCs.
Notch ligands were expressed in both Akt-and MAPK-activated PECs, with DLL1 primarily expressed in the Akt-activated PECs, whereas DLL4 and Jagged-1 were upregulated in the MAPK-activated PECs (Fig. 4e) . Jagged-2 was constitutively expressed in both Akt-and MAPK-activated PECs. The finding that various Notch ligands are expressed by both Akt-and MAPK-activated PECs suggests that PECs are inherently programmed to prevent HSPC exhaustion 12 . To determine whether these patterns of angiocrine-factor expression by PEC activation is only a feature of HUVECs, HSPC proliferation was analysed in PECs derived from human bone marrow (HBMEC), aorta (HAEC) and skin (HMVEC). Akt-or MAPK-activation in these cells resulted in patterns of gene expression similar to HUVECs ( Supplementary Information, Fig. S5a,  b) . HAEC and HMVEC transduced with E4ORF1 supported both HSPC and Lin + cell expansion to the same extent as HUVECs ( Supplementary  Information, Fig. S5c, d) . Therefore, through activation of Akt or MAPK, organ-specific PECs can be programmed to express common set of genes that support HSPC homeostasis.
To determine the contribution of Akt-or MAPK-regulated angiocrine factors to expansion and differentiation of HSPCs, shRNA was used to downregulate these genes ( Supplementary Information, Fig. 6a ). Knockdown of IGFBP2 or FGF2 impaired the capacity of E4-PECs to expand CD34 -
-KLS HSPCs (Fig. 4f, g ). In E4 + Raf-PECs, downregulation of Jagged-1, but not Ang2, reduced HSPC expansion (Fig. 4h,  i) . Hence, constitutive activation of Akt and MAPK in the PECs differentially turns on a unique repertoire of HSPC-active angiocrine factors that balance the maintenance and reconstitution of HSPCs.
In Akt-activated endothelial cells mTOR stimulates the expression of HSPC-active angiocrine factors
To identify signalling pathways downstream of Akt that drive HSPC selfrenewal, we focused on mTOR and FoxO pathways [24] [25] . Gene expression profiles of E4-PECs treated with rapamycin, a mTOR inhibitor, or E4-PECs transduced with constitutive active FoxO1 (FoxO1-TM), which is resistant to inactivation by Akt, were analysed by microarray profiling (Fig. 5a ). Treatment with rapamycin altered the expression profile of genes modulated by Akt-activation, including DLL1, IGFBP2 and DKK1 (Fig. 5b) . FoxO1-TM overexpression restored expression of Ang2, but the number of altered genes was insignificant (Fig. 5a, b) . shRNA downregulation of mTOR in E4-PECs (Fig. 5c ) increased expression of DKK1 and decreased IGFBP2 (Fig. 5d) , a pattern that was also observed with rapamycin treatment (data not shown). Propagation of CD34 -
Flt3
-KLS HSPCs was decreased by mTOR knockdown, but not affected by FoxO1-TM overexpression, in E4-PECs (Fig. 5e) . Competitive transplantation assays indicated that Lin -cells co-cultured on E4-PECs with mTOR knockdown expanded, but maintained less stem cell activity than those cells that were co-cultured on control E4-PECs, or on E4-PECs overexpressing FoxO1-TM (Fig. 5f ). mTOR-knockdown or FoxO1-TM overexpression did not affect PECs survival ( Supplementary  Information, Fig. S6b, c) . These data suggest that the Akt-mTOR pathway in PECs stimulates HSPC regeneration through regulation of HSPCactive angiocrine factors.
Endothelial-cell-specific Akt-activation in adult mice enhances HSPC expansion To address the importance of Akt-activation in endothelial cells in vivo, we employed a mouse model in which constitutively active Akt1 (myrAkt1) could conditionally be expressed in adult mice in an endothelial cell-specific manner 26 ( Fig. 6a) . In this tetracycline-off system, an endothelial cell-specific VE-cadherin promoter drives the expression of the tetracycline-transactivator (tTA), while myrAkt1 transcription RU (competitive repopulating unit) frequency determined by limiting-dilution analysis is controlled by the tetracycline responsive element promoter complex (VEcad-tTA/Tet-myrAkt1). Withdrawal of tetracycline results in endothelial cell-specific expression of myrAkt1 and allows the role of Akt-activated endothelial cells in haematopoiesis to be determined. In adult VEcad-tTA/Tet-myrAkt1 mice (myrAkt1 mice), removal of tetracycline resulted in sustained expression of myrAkt1 in bone marrow and spleen (Fig. 6b) . As predicted from our in vitro studies, Akt1 activation in endothelial cells increased the number of total haematopoietic cells ( Fig. 6c ; top left) and CD34 -Flt3 -KLS HSPCs per femur ( Fig. 6c ; top right, d) and spleen ( Fig. 6c; bottom left) . Notably, the percentage of CD34 -
-KLS HSPCs per 10 6 haematopoietic cells in femur was also increased ( Fig. 6c; bottom right) .
To determine if the increase in HSPC population isolated from the myrAkt1 mice could facilitate haematopoietic recovery, lethally irradiated wild-type mice were transplanted with 5 × 10 5 whole bone marrow cells harvested from either myrAkt1 mice or wild-type mice. Ten days post transplant, peripheral blood of the transplanted mice was analysed and spleen colony forming units (CFU-S) were quantified. Notably, mice transplanted with bone marrow cells from the myrAkt1 mice displayed rapid haematopoietic recovery, as reflected by the enhanced reconstitution of high levels of platelets, and red and white blood cells (Fig. 7a) , and an increase in the number of CFU-S (Fig. 7b) . To investigate the potential of endothelial cell Akt activation to expand true LT-HSC cells, competitive transplantation assays were performed. Lethally irradiated wild-type FVP mice were transplanted with 5 × 10 5 bone marrow cells harvested from either myrAkt1 or wild-type mice along with competitive bone marrow cells from a wild-type FVB mouse expressing green fluorescent protein (GFP). The cells from myrAkt1 mice had a competitive advantage in long-term (> 3 months), multi-lineage engraftment, compared with cells from wild-type mice (Fig. 7c-f) .
To quantify the LT-HSC frequency, limiting dilution competitive repopulating unit (CRU) assay was perfumed by competitively transplanting incremental doses of 1 × 10 4 -5 × 10 5 bone marrow cells from wild-type-or myrAkt1-mice into lethally irradiated mice. In the mice transplanted with bone marrow cells derived from the myrAkt1 mice, there was a 10-fold increase in the frequency of LT-HSCs, compared with the control group, as quantified by Poisson's statistics (Table 1) . These data corroborate the in vitro data and clearly indicate that selective activation of Akt in the endothelial cells in vivo leads to the expansion of HSPCs and authentic repopulating LT-HSCs thereby accelerating haematopoietic reconstitution.
DISCUSSION
Defining the mechanism by which bone marrow microenvironment reconstitutes HSPCs has been hampered by the paucity of models to selectively modulate the function of each niche cell, such as bone marrow SECs. Here, we show that the activation state of the endothelial cells through differential recruitment of Akt and MAPK signalling pathways balances the self-renewal of LT-HSCs and differentiation of the HSPCs into myeloid, megakaryocytic and lymphoid lineages (Fig. 7g) . Akt activation in the endothelial cells of adult mice or in PEC co-cultures promotes self-renewal of LT-HSCs and expansion of HSPCs by inducing the expression of both membrane-bound and soluble angiocrine factors. Our data suggest that control of the balance between stem cell self-renewal and differentiation is dictated by the activation state of a vascular-niche cell, but not exclusively through LT-HSC-autonomous stochastic cell-fate determination. The ability of HSPCs to self-renew and differentiate is pivotal for homeostasis of haematopoiesis. The HSPCs would be depleted if cell differentiation overwhelms self-renewal, and excessive self-renewal without differentiation could result in myeloproliferative syndromes. Thus, the bone marrow niche has to coordinate self-renewal and differentiation particularly after myeloablation. Indeed, interaction of haematopoietic progenitors with the SECs is required for thrombopoiesis 9 . Furthermore, after myelosuppression, regeneration of SECs in bone marrow is essential for haematopoietic recovery 6, [33] [34] . Therefore, both at steady-state and during haematopoietic recovery, SECs have a critical role in maintaining and reconstituting haematopoiesis. Indeed, during haematopoietic regeneration, Akt and MAPK are co-activated in proliferative SECs by pro-angiogenic factors, including VEGF-A and FGF2 (refs 35-36) . In this study, MAPK-PECs and Akt + MAPK-PECs supported LT-HSC activity much less than PECs that were activated only with Akt, suggesting that co-activation of Akt and MAPK in regenerating PECs serves two functions; preventing the exhaustion of the HSPCs, while also accelerating lineage-specific differentiation. MAPK-activated PECs maintain the size of HSPC population, but favour differentiation of HSPCs to fully reconstitute haematopoiesis. It is plausible that the balance between pro-angiogenic and anti-angiogenic factors establishes the equilibrium between self-renewal and differentiation of HSPCs by controlling the relative degree of Akt-and MAPK-activtion in bone marrow SECs.
We validated the results obtained from the Akt-PEC/HSPC co-culture in an in vivo model by the conditional endothelial-cell-specific expression of myrAkt1. Akt-activation in adult mouse endothelial cells augments haematopoiesis and increases the number of CD34 -
Flt3
-KLS HSPCs in both the spleen and bone marrow. Transplantation of the bone marrow cells from endothelial cell-specific Akt1-activated mice into lethally irradiated WT mice enhanced generation of splenic CFU-S and true LT-HSCs, and accelerated haematopoietic recovery. These in vivo data phenocopy the results obtained with Akt-activated PECs in vitro and highlight the significance of endothelial cell-specific Akt-activation in reconstitution of LT-HSCs and HSPCs. The myrAkt1 mouse model will provide a means to identify as yet unrecognized factors produced by the PECs that dictate long-term expansion of the HSPCs.
It is speculated that vascular niche within each organ is programmed to meet the physiological requirements of a specific tissue, suggesting that expression of angiocrine factors might be regulated in an organ-specific manner. For example, the SECs derived from bone marrow 12 and liver 11 upregulate distinct sets of angiocrine factors that promote either haematopoiesis or liver regeneration. Notwithstanding these observations, here we show that Akt-activated PECs derived from various organ-specific vasculature, including vein, aorta and skin, could self-renew co-cultured HSPCs. Thus, in the context of LT-HSC regeneration, the activation status of the endothelial cells constitutes a major determinant of the endothelial cell-heterogeneity. Before identification of the E4ORF1 to generate the serum-and growth factor-free endothelial cell co-cultures, most studies were performed with endothelial cells transformed with the oncogenes, Sv40 large-T or polyoma middle-T antigen . We show here that transformation of endothelial cells with these oncogenes disables endothelial cells to expand HSPCs and LT-HSCs because of constitutive MAPK activation. This explains why immortalized endothelial cells failed to expand LT-HSCs. Therefore, the E4ORF1 and Akt-activated endothelial cells provide for ideal serum-and growth factor-free co-cultures to identify angiocrine factors that regulate HSPC physiology.
In this report, we introduce the innovative concept that endothelial cells are not just passive conduits to deliver oxygen or nutrients, but could directly reconstitute HSPC by production of a specific set of HSPC-active angiocrine factors. At steady state, low levels of Akt activation maintain the production of angiocrine factors that sustain HSPC homeostasis. During haematopoietic recovery, activation of both Akt and MAPK through expression of angiocrine factors favours not only differentiation of the HSPCs but also replenishes the HSPCs to prevent the exhaustion of the LT-HSC pool. Ultimately, homeostasis of LT-HSCs and HSPCs is finely adjusted according to the stoichiometry of Akt and MAPK activation. As such, our data lay the foundation for designing strategies whereby selective activation of Akt in endothelial cells might augment haematopoiesis in hypoproliferative disorders, whereas inhibition of this pathway might diminish the severity of the myeloproliferative and pre-leukemic syndromes. 
METHODS
Methods
Virus plasmids and virus generation.
To construct constitutively active RAF (CA-Raf), the human RAF open reading frame was amplified using HUVEC cDNA and cloned into pCCL.PGK.CAAX vector, which added the K-RAS carboxyterminal localization signal to the C terminus of RAF. The E4ORF1 gene of adenovirus (serotype 5), mouse constitutively active Akt1 (myristoylated Akt: myrAkt, a gift from L. E. Benjamin 26 (Harvard Medical School, USA), human constitutive active K-RAS (K-Ras(V12)), and polyoma middle-T antigen (PymT, a gift from W. Sessa, Yale University School of Medicine, USA) were amplified by PCR and cloned into pCCL.PGK lentivirus vector 17 . eGFP and neomycin-resistance(Neo) genes were also cloned into pCCL.PGK vector and used as a control for lentiviral infection of gene expression and HSPC expansion assay, respectively. Akt-resistant FoxO1 (FoxO1-TM) cDNA was obtained from Addgene (Addgene plasmid 13508; ref. 38 ) and cloned into pCCL.PGK vector by PCR. Lentiviral plasmids expressing shRNA against mTOR were obtained from Addgene (Addgene plasmid 1855 (#1) and 1856 (#2); ref. 39 ) and those against Jagged-1, Ang2, IGFBP2 and FGF2, and scrambled-sequence control shRNA (pLKO-scramble) were purchased from Open biosystems. Lentiviruses were generated as described previously 17 and cells were transduced with lentivirus at multiplicity of infection (MOI) of 10, and maintained in endothelial cell growth medium. For shRNA experiments, cells were cultured in the presence of 500 ng ml -1 puromycin during a selection period of 4 days.
Tube formation assay. PECs were starved in M199 for 6 h and then 100,000 cells were cultured on 250 μl of Matrigel (BD bioscience) in assay medium (Medium 199, 2% (v/v) fetal calf serum (FCS), 20 ng ml -1 VEGF-A, 10 ng ml -1 FGF2 and 20 U ml −1 heparin) for 16 h in 24-well plate. The degree of tube formation was quantified by measuring the length of tubes in three randomly chosen fields from each well using the angiogenic activity quantification programme (Kurabo).
Flow Cytometry. Monoclonal Antibodies (mAbs) recognizing the following markers were used for flow cytometric analyses: c-Kit (2B8; APC-conjugated), Sca-1 (D7; PE-Cy-7-conjugated), CD34 (RAM34; FITC (fluorescein isothiocyanate)-conjugated), Flt-3 (A2F10.1; PE-conjugated), CD45.1(A20; PE-conjugated), CD45.2(104; FITC-conjugated), TER-119 (TER-119; APC-conjugated), Gr-1 (PE-conjugated), CD11b (PE-conjugated), CD41 (PE-conjugated), CD3 (PE-conjugated) and CD19 (PE-conjugated). All mAbs were purchased from BD Biosciences. For multi-lineage engrafted analysis non-labelled Gr-1, CD11b, B220 and CD3 antibodies were labelled with Pacific Blue and used together with CD45.1 (PE-conjugated), CD45.2 (FITC-conjugated), and TER-119 (APC-conjugated). All antibodies diluted 1:100. Haematopoietic cells were analysed using a LSRII flow cytometer (BD).
Haematopoietic cell isolation and co-culture on PECs. After culture for 10 days, whole bone marrow cells from C57BL/6J mice were isolated and Lin -cells were enriched by mouse Lineage Cell Depletion Kit (Miltenyi Biotec). Primary endothelial cells were cultured on gelatin-coated 6-well plates, and 7,500 of the isolated Lin -cells were plated onto PECs in 2 ml of X-vivo 20 media (Lonza) supplemented with 25 ng ml -1 of mouse Kit Ligand (Pepro Tech). Freshly prepared 500 μl of serum-and growth factor-free X-vivo 20 media with Kit-Ligand was added every other day. At the end of co-culture period, floating cells and attached cells were collected and endothelial cells were removed by human CD31 Microbead Kit (Miltenyi Biotec). Lin -cells and Lin + cells were separated using mouse Lineage Cell Depletion Kit. Total cell number was determined using an Advia 120 (Bayer) automated haematological analyser or haemocytometer (BD Biosciences). Colony assays were performed by placing 1,000 cultured haematopoietic cells into methylcellulose-based media with cytokines (Methocult GF M3434; Stem Cell Technologies) and analysed at day 7 for total colony number. Cell cycle analysis was performed by staining the Lin -cells with 7-aminoactinomycin D (BD Biosciences), c-Kit (APC-conjugated) and Sca-1 (PE-Cy-7-conjugated), and measured by FACS. Data were analysed with ModFit LT software (Verity Software House).
Endothelial cell selective expression of myrAkt1 in vivo. The double transgenic mouse model that expresses myrAkt1 in endothelial cells under tetracycline control has been previously described 26 . Briefly, the D4 line (VEcad-tTA) and K8 line (Tet-myrAkt1) were used in these experiments. To suppress myrAkt1 expression in embryos, neonates and adults, 1.5 mg ml -1 tetracycline with 5% (w/v) sucrose was given in the drinking water. To induce myrAkt1 expression, tetracycline was removed from the water and then analyses were done 3 weeks after tetracycline removal.
Spleen colony forming units (CFU-S) assay. Lethally irradiated (9.5 Gy) FVB mice were reconstituted with 500,000 whole bone marrow cells from wild type (n = 10) or myrAkt1 transgenic mice (n = 10). Ten days post-transplant, peripheral blood was analysed by retro-orbital blood collection and differential blood counts were obtained using an automated Advia 120 (Bayer). Mice were then killed and spleens were removed and put in Bouin's Fixative (Sigma Aldrich) over night at 4 o C. Spleens were thoroughly washed with 1 × PBS and splenic colonies were counted using a Zeiss dissecting microscope (Carl Zeiss).
Competitive reconstitution assay. In figures 2 and 5, lethally irradiated (9.5 Gy) C57BL/6-CD45.1 congenic mice were reconstituted with 10,000, 3,000 or 1,000 Lin -cells (marked CD45.2) expanded on different PECs, in competition with 500,000 (Fig. 2) or 200,000 ( Total RNA was isolated after 16hrs culture in serum-and growth factor-free medium and the gene expression profiles were assessed with the Affymetrix gene chip. Genes involved in HSPC self-renewal and differentiation, were listed for the comparison and used for generating the heatmap in Supplementary Fig. S4 . E4-PECs and MyrAkt-PECs were represented as Akt-PECs, while E4+Raf-PECs, Raf-PECs, and KRas(V12)-PECs were represented as MAPK-PECs. Genes that experienced a change in expression levels from the control GFP + PECs were highlighted by yellow (up) and blue (down), respectively. The average of raw signal intensity in microarray data of each gene in GFP + PECs control cells was shown to estimate expression level. Genes that displayed expression levels absent in all PECs were labeled as "A" (absent) and colored in gray in "expression" column. 
Genes regulate HSPCs self-renewal/expansion
Genes regulate HSPCs differentiation
Supplemental figure 3 Figure S4 Angiocrine factors regulating HSPC self-renewal and differentiation are differentially regulated by Akt-and MAPK-activation in PECs. The heatmap shows hierarchical clustering analysis using the 54 genes regulating HSPC self-renewal and differentiation (also see Supplementary Fig. S3 ). Red and green bars in the heatmap represent higher and lower expression relative to the median for that particular gene, respectively. Color intensity is related to the difference with the median (black). Gene name colored by pink or blue represent gene induced or suppressed by Akt (left column) or MAPK (right column), respectively. Gene names, colored in gray represent genes that had expression levels absent in all of groups being analyzed. Data derived from control GFP + PECs (n=3), E4-PECs (n=5), MyrAkt-PECs (n=3), E4+Raf-PECs (n=2), Raf-PECs (n=2), K-Ras(V12)-PECs (n=2), and PymT-PECs (n=2) were used for analysis. 
